Acanthamoeba spp., free-living small limax amoebae, inhabit natural environments, such as soil, ponds, sewage, and air. Acanthamoeba culbertsoni causes chronic granulomatous meningoencephalitis (GME), and Acanthamoeba polyphaga and Acanthamoeba castellanii are causative agents of acanthamoebic keratitis (6, 17, 21, 24) . In order to elucidate the pathogenicity of Acanthamoeba spp., experimental development of GME and study of its cytopathic effects (CPE) against target cells have been done with mice. A virulent amoeba which causes GME in mice is toxic for target cells (4, 14, 16) . Recent studies have focused on the characterization of the CPE of A. castellanii with various established cell lines. Regarding the process of the penetration of A. castellanii into human corneal epithelium, it was suggested that cytolytic enzymes were released from trophozoites and subsequent phagocytosis was accomplished (11) . Taylor et al. (20) demonstrated that the CPE caused by A. castellanii involve cytoskeletal elements which are necessary for phagocytosis, amoeba motility, and the formation of amoebastomes and pseudopodia. Alizadeh et al. (1) demonstrated that apoptosis was a mechanism in the cytolysis of murine neuroblastoma cells caused by A. castellanii and characterized by cell shrinkage, cell membrane blebbing, formation of apoptotic bodies, and nuclear condensation. Later, apoptosis was confirmed as a mechanism of CPE due to Acanthamoeba spp. in rat neuroblastoma cells (13) .
In previous studies, established cell lines, such as rat neuroblastoma cells and corneal epithelial cells, were examined as target cells. Recently, the culture system of microglial cells, a kind of cell found in the brain and throughout the central nervous system (CNS), from rat and mouse became available, and the attempt to understand the pathogenicity of microorganisms against these cells was undertaken by several researchers (5, 22) . Microglial cells originate from the monocyte/macrophage lineage (9) and are phenotypically identical to monocytes/macrophages (12) . Microglial cells function as phagocytic cells and produce cytokines, such as interleukin-1, interleukin-6, and tumor necrosis factor alpha (3, 15) . They have an amoeboid form during embryogenesis, a ramified shape in the mature normal brain, and a rod shape around inflammatory lesions in the CNS (18) . Thus, it was suggested that microglial cells are involved in the protective immune response of the CNS, functioning as inflammatory or immunoregulatory cells (19) .
The rationale for the present study was the possibility that microglial cells are involved in the development of GME due to infection by pathogenic Acanthamoeba and undergo in vitro cytopathic processes. The purpose of the present study was to determine whether primary-culture rat microglial cells show apoptosis induced by pathogenic Acanthamoeba trophozoites and lysates. In the present study, we compared the CPE of a high-virulence strain of Acanthamoeba with those of a verylow-virulence one.
A high-virulence strain of A. culbertsoni and a very-lowvirulence strain of Acanthamoeba royreba (donated from J. B. Jardin of Belgium in 1977) were axenically cultured at 37°C in medium containing proteose peptone, yeast extract, and glucose (23) . The degrees of virulence of the two Acanthamoeba spp. were described in a previous paper (7) . An Acanthamoeba lysate was prepared by a previously described method, the so-called freezing-thawing method (7) . The amoeba lysate was filtered with 0.22-m-pore-size disk filters, and the protein concentration (adjusted to 10 mg/ml) was determined by the Bradford assay (2) .
Microglial cells were prepared by the method of Guilian and Baker (5), with some modifications. Briefly, brain cortex cells were obtained from newborn rats (Sprague-Dawley, purchased from KIST in Daejeon, Korea) and homogenized by pumping with a 21-gauge syringe. The mixture was centrifuged at 300 ϫ g for 10 min and resuspended in Eagle's minimal essential medium (EMEM) with 10% fetal bovine serum. The suspension was put into 75-cm 3 tissue culture flasks pretreated with polylysine (Sigma Chemical Co.), in order to increase the adherence of cells, and was incubated at 37°C with 5% CO 2 for 1 week. Microglial cells were harvested by vigorously flicking each culture flask, filtrated with nylon wool in order to remove any remaining astrocytes, and centrifuged at 300 ϫ g for 10 min. The pellet was resuspended in EMEM with 10% fetal bovine serum and incubated at 37°C for 2 h. The supernatant was removed. Attached cells, mostly microglial cells, were harvested and counted at a concentration of 10 5 per well in a 24-well culture plate and 3 ϫ 10 6 in a 75-cm 3 tissue culture flask for the treatment of Acanthamoeba trophozoites or lysates.
Transmission electron microscopy (TEM) was performed to observe the morphological changes of microglial cells that were cocultured with trophozoites of A. culbertsoni or A. royreba for 6 h. TEM was carried out according to the standard methods. The blocks were sectioned using a Reichert-Jung Ultracut S and stained with Ultrostain 1H and 2 (Leica, Vienna, Austria). Specimens were observed and photographed under a Zeiss EM 902 A electron microscope (Leo, Oberkohen, Germany). About 30 microglial cells per experimental group were observed by TEM. We observed the digipodiumlike process, when a trophozoite of A. culbertsoni came in contact with a microglial cell (Fig. 1) , by TEM. Nuclear chromatin condensations, evidence of apoptosis, were observed with three microglial cells, although they did not appear marginally (Fig. 1) . In contrast, when microglial cells were cocultured with trophozoites of A. royreba, their morphology was almost normal, and they did not show nuclear condensation even though a trophozoite showed the vigorous pseudopodium process (Fig. 1) .
DNA extractions and agarose gel electrophoresis were performed to observe DNA fragmentation of microglial cells cocultured with lysates of A. culbertsoni and A. royreba. Microglial cells were harvested by sterile cell scrapers after cultivation with an amoeba lysate (1 mg/ml) for 6 or 18 h. Then, microglial cells were washed with phosphate-buffered saline (PBS) (pH 7.4) and suspended in 0.5 ml of TBE buffer (45 mM Tris-borate buffer, 1 mM EDTA [pH 8.0]) containing 0.25% Nonidet P-40 and 1 mg of RNase A per ml. After the mixture was incubated at 37°C for 30 min, 1 mg of proteinase K per ml was added. The mixture was incubated at 37°C for 30 min and resuspended in 0.1 ml of loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol). The suspended volume of 25 l was put on 1.5% agarose gel containing 10 ml of ethidium bromide per ml. Electrophoresis was carried out at 2 V/cm for 6 h. A 123-bp DNA ladder and PCR marker containing fragments of 1,000, 750, 500, 300, 150, and 50 bp (Promega Corporation, Madison, Wis.) were used as molecular size standards. DNA fragmentation was not observed with total genomic DNA of microglial cells treated with PBS, but the development of DNA ladders was shown in microglial cells cocultured with the A. culbertsoni lysate (1 mg/ml) for 3, 6, and 18 h, respectively (Fig. 2) . As expected, DNA fragmentation was not observed with microglial cells cocultured with the A. royreba lysate for 3 and 6 h (data not shown), but it was visible as very faint DNA ladders after 18 h of incubation.
The fragmented DNAs of apoptotic bodies from microglial cells cocultured with the lysates of A. culbertsoni or A. royreba were measured with the TdT-mediated dUTP nick end labeling assay (Promega Corporation). Briefly, microglial cells cocultured for 6 or 18 h with 1 mg of each amoeba lysate per ml were harvested and washed twice with PBS (pH 7.4). After centrifugation at 300 ϫ g at 4°C, the cells were resuspended in 0.5 ml of PBS. The cells were fixed by adding 5 ml of 1% methanol-free formaldehyde for 20 min on ice, centrifuged, and resuspended in 0.5 ml of PBS. The cell suspension was mixed with 5 ml of 70% ice-cold ethanol and kept at Ϫ20°C for 4 h. The mixture was centrifuged and resuspended in 1 ml of PBS. The suspended cells were adjusted to a concentration of 2 ϫ 10 6 and transferred into a 1.5-ml microcentrifuge tube. After centrifugation, cells were resuspended in 80 l of equilibration buffer (200 mM potassium cacodylate, 24 mM TrisHCl, 0.2 mM dithiothreitol, 0.25 mg of bovine serum albumin/ ml, 2.5 mM cobalt chloride [pH 6.6]). The buffer was removed by centrifugation, and then the cells were resuspended in 50 l of TdT incubation buffer (45 l of equilibration buffer, 5 l of a nucleotide mixture, 1 l of TdT enzyme). The nucleotide mixture used for TdT incubation buffer consisted of 50 M fluorescein-12-dUTP, 100 M dATP, 10 mM Tris-HCl (pH 7.6), and 1 mM EDTA. The suspended cells were incubated in a water bath for 60 min at 37°C. The reaction was terminated by adding 1 ml of 20 mM EDTA. Following centrifugation after the reaction, the pelleted cells were resuspended in 0.5 ml of PBS containing Triton X-100 and 5 mg of bovine serum albumin/ml. The cells were washed twice with PBS, centrifuged, and resuspended in 0.5 ml of propidium iodide (PI) solution (freshly diluted to 5 g/ml in PBS) containing 250 g of DNase-free RNase A. After the cells were incubated for 30 min in the dark, the green fluorescence of fluorescein-12-dUTP at 520 nm and the red fluorescence of PI at 620 nm were measured by FACScan flow cytometry (Becton Dickinson, Paramus, N.J.). PI staining demonstrated that some microglial cells cocultured for 6 h with the A. culbertsoni lysate (1 mg/ml) underwent apoptosis. This was confirmed in TdT staining, which showed increased intensity of fluorescence of the TdTstained apoptotic bodies (Fig. 3) . After 18 h of incubation, the same result was observed (Fig. 4) . By contrast, microglial cells cocultured for 18 h with the A. royreba lysate did not show apparent changes in the intensity of fluorescence of the TdTstained apoptotic cells, although the intensity of PI staining was weakly increased (Fig. 5) .
It is well known that pathogenic Acanthamoeba spp. have CPE on various cells in vitro and in vivo. With the destruction of rat neuroblastoma cells by Acanthamoeba spp., the extension of a digipodium to target cells was observed after effector cells came in contact with target cells (13) . A kind of contactdependent cell lysis referred to as troglocytosis was also observed as a mechanism of the CPE by Naegleria fowleri, another pathogenic free-living amoeba (10) . In this study, microglial cells, which may be concerned with protective activities during infection by Acanthamoeba, were cultured from newborn rat brain and used as the target cells. When a microglial cell came in contact with a trophozoite of A. culbertsoni, known as a high-virulence strain, the digipodium was shown, but not with the very weakly pathogenic A. royreba. Thus, the formation of a digipodium should be considered apparent evidence of the CPE of pathogenic Acanthamoeba.
Recently, necrosis via pore-forming lytic molecules and apoptosis, both of which disrupt cell membrane integrity, were found to be two fundamental mechanisms in the cytolysis of target cells by pathogenic free-living amoebae (1, 9, 13) . In contrast to necrosis, apoptosis is characterized by various morphological features, such as cell shrinkage, cell membrane blebbing, the formation of apoptotic bodies, nuclear chromatin condensation, and DNA fragmentation. In previous studies, To confirm our observations that microglial cell death occurs by means of apoptosis, the TdT-mediated dUTP nick end labeling assay was performed. With untreated microglial cells, fragmented DNAs of apoptotic bodies were also observed. This phenomenon may be the result of the natural apoptotic process of cells. Nevertheless, when microglial cells were cocultured with the pathogenic A. culbertsoni lysate, the visual intensity of TdT-stained apoptotic bodies was remarkedly enhanced. On the other hand, with the A. royreba lysate, only slightly increased intensity was observed. Taken together, our results suggest that the CPE of Acanthamoeba, including the apoptotic process, vary depending on the degree of virulence, which was demonstrated by a previous study (13) .
Finally, the results of this study demonstrate that a trophozoite of A. culbertsoni in contact with microglial cells produces a digipodium and that 10% of microglial cells show nuclear chromatin condensation. Some microglial cells cocultured with the pathogenic A. culbertsoni lysate underwent, in part, apoptotic processes, followed by DNA fragmentation. These findings are regarded as evidence of apoptosis of microglial cells that is induced by pathogenic Acanthamoeba and may provide important information for understanding the interaction of pathogenic Acanthamoeba with nerve cells in the development of GME.
